Electron-hole recombination on ZnO(0001) single-crystal surface studied by time-resolved soft X-ray photoelectron spectroscopy Time-resolved soft X-ray photoelectron spectroscopy (PES) experiments were performed with time scales from picoseconds to nanoseconds to trace relaxation of surface photovoltage on the ZnO(0001) single crystal surface in real time. The band diagram of the surface has been obtained numerically using PES data, showing a depletion layer which extends to 1 lm. Temporal evolution of the photovoltage effect is well explained by a recombination process of a thermionic model, giving the photoexcited carrier lifetime of about 1 ps at the surface under the flat band condition. This lifetime agrees with a temporal range reported by the previous time-resolved optical experiments. Zinc oxide (ZnO) has attracted much attention for its optoelectronic applications, e.g., photovoltaics, light-emitting diode, and photocatalyst. [1] [2] [3] [4] One of the important factors in the photo-induced function is dynamics of photoexcited carriers that govern optical and electronic phenomena, and their lifetime is directly related to efficiency of the optoelectronic functionalities. Time-resolved measurements of reflection, transmission, and photoluminescence spectroscopies have been carried out by a pump-probe method on various ZnO samples, i.e., nanocrystals and single crystals. [5] [6] [7] [8] [9] [10] These authors have reported that the recombination processes of the photo-generated electron-hole (e-h) pairs or excitons are enhanced by the trapping of the carriers at impurity levels in the bulk band gap. Recently, a time-resolved photoelectron spectroscopy (PES) experiments were carried out on a ZnOð10 10Þ surface to trace the relaxation process of the surface photovoltage (SPV) effect to clarify the photo-generated carrier dynamics as one of the important elementary processes. 11 Surface-sensitive results are obtained by PES as compared to optical methods. [5] [6] [7] [8] [9] [10] The temporal variation of the relaxation process was described in terms of surface e-h recombination after the carrier transfer from the internal bulk to the surface over the surface potential. Time-resolved PES measures the temporal variations of the surface potential. On the other hand, time-resolved optical reflectivity and photoluminescence experiments monitor the variations of the reflectivity by the change in the carrier density and of photoluminescence by electron-hole recombination, respectively. Each experimental technique measures different physical quantities in the relaxation processes of photo-excitation. Therefore, it is essential to understand the systematic relationship between the results obtained by different experimental probes for developing optoelectronic devices.
Here, we report the detailed investigation of the timeresolved soft X-ray PES experiments on a ZnO (0001) surface to clarify the surface recombination process. A ZnO crystal has wurtzite structure and the (0001) surface is terminated with zinc atoms ( Fig. 1(a) ). The e-h pairs are generated by the irradiation of the femtosecond-pulse laser, and the following charge separation leads to the SPV generation. The relaxation of the SPV was found to take nanoseconds. The relaxation process is fairly described by a thermionic model, in which the photoexcited carriers overcome the surface potential, V s , to be transported to the surface and then recombine with the counterparts accumulated at the surface. The potential, generated by the bulk bandbending effect near the surface and the V s value, was evaluated by valence band PES measurements of the sample surface. By tracing the relaxation of the SPV effect, we determined a photoexcited carrier lifetime at the surface under the flat band condition on the ZnO(0001) surface to be 1.7 ps. The obtained carrier lifetime at the surface is close to the values reported by the previous time-resolved optical experiments. [6] [7] [8] The agreements draw an overall temporal picture during the relaxation of the photovoltage effect at the ZnO surface.
Time-resolved PES experiments were conducted with a pump-probe method at the soft X-ray beamline BL07LSU of SPring-8. [13] [14] [15] The photon energies h of the pumping laser and the probing synchrotron radiation were 3.1 eV (a pulse width of <50 fs) and 253 eV (about 50 ps), respectively. A detailed experimental set-up is described elsewhere. 13 All the measurements were performed at room temperature. A hydrothermally grown ZnO(0001) wafer was commercially purchased from Goodwill, Russia. Figure 1 (b) shows an absorption spectrum of the ZnO wafer taken at a photon energy range of 1.2-3.7 eV. The absorption edge is located at h ¼ 3.16 eV, which is smaller than the bulk band gap of ZnO (E ZnO g ¼ 3:37 eV). 16 The spectral features within the band gap are likely assigned to the defect or impurity states that would be a recombination center of the photoexcited carriers. 17 The surface of the ZnO wafer was cleaned by Ar sputtering for 10 min and by successive annealing at 920-1000 K for 10 min in an oxygen atmosphere of 2 Â 10 À4 Pa. The quality of the crystal surface was ascertained by a 1 Â 1 pattern of low-energy electron diffraction. Figure 1 (c) is a valence band PES spectrum that shows a spectral edge at the binding energy of E B ¼ 2.66 eV. Since the escape depth of photoelectrons is about 1 nm, 18 the energy position corresponds to the valence band maximum (VBM) of the bulk band near the surface. Using the effective mass of 0.3 m e (Refs. 19 and 20) (m e is the free electron mass) and a bulk carrier density, the energy position of the conduction band minimum (CBM) in the bulk was calculated to be located 0.26 eV above the Fermi level. The bulk carrier density was obtained by Hall measurements to be 2 Â 10 14 cm À3 , which is of the same order of magnitude with the carrier densities of ZnO crystals grown by the hydrothermal method. 21 The amount of the surface potential V s was determined to be V s ¼ 0.45 eV from E ZnO g , the VBM at the surface, and the CBM in the bulk. Using a relative dielectric constant of ¼ 7.88, 22 the band diagram at the ZnO(0001) surface was calculated self-consistently by solving Poisson's equation with the Fermi-Dirac distribution function so that V s and the CBM position in the bulk agree with the experimentally obtained results (Fig. 1(d) ). 23 In the calculation, the distribution of the bulk carriers within the band bending region was solved under the assumption that the bulk donors, whose density N D was the same as the bulk carrier density, were distributed uniformly in the sample. The space-charge layer is a depletion-type and extends to 1 lm from the surface. The depth of the depletion layer L D is roughly estimated by the equation
, where 0 is the vacuum dielectric constant. L D ¼ 1400 nm is obtained for our sample, supporting the calculated band structure in Fig. 1(d) . With laser irradiation on the surface, the photoexcited electrons and holes are transferred to the bulk and surface sides, respectively, by the driving force of the potential gradient near the surface. As a result, reduction of the bulk band bending and the potential variation by the surface photovoltage effect V SPV are induced. [24] [25] [26] The energy variation of the bulk bands of a material is directly traced by following the PES peak positions. [24] [25] [26] Figure 2(a) shows the Zn 3d peaks with and without pumping laser irradiation. The shift of the Zn 3d peak to the higher binding energy side is clearly observed. Since the bulk band gap of ZnO is 3.37 eV, the direct transition of electrons from the VBM to the CBM in a ZnO crystal requires the photon energies larger than 3.37 eV. Thus, the optical pumping associates with a multiphoton-absorption process or an optical transition mediated by the in-gap states as detected in Fig. 1(b) .
The laser power dependence of the SPV shifts is shown in Fig. 2(b) . The V SPV increases with the laser intensity (I), and the data are fitted by the following equation:
where k, T, and c denote the Boltzmann constant, temperature, and a proportional factor, respectively. g 0 is an ideality factor, which is obtained from the curve fitting to be 2.1. The proportional factor, c, relates the number of photoexcited carriers against the laser intensity I. In the present case, we obtained c ¼ 1:9 Â 10 À4 cm 2 lJ À1 for the ZnO crystal irradiated by the laser light of h ¼ 3.1 eV. This c value is much smaller than c ¼ 10 À 20 cm 2 lJ À1 , which is reported on Si crystal surfaces pumped by photons of h ¼ 1.55 eV. 25 The difference can be understood by the photoexcitation process. In the latter case, the photon energy exceeds the Si bulk band gap (E Si g ¼ 1:1 eV), and the photoexcitation proceeds with a single step. The former case may require the multiphoton-absorption process for photoexcitation, which likely results in the smaller c value for the present ZnO experiment.
Relaxation of the SPV effect proceeds through recombination between the holes accumulated at the surface and the electrons transferred to the surface (Fig. 3, inset) . 11, [25] [26] [27] Figure 3(a) shows the temporal variation of V SPV that shows completion of measurable relaxation after 20 ns. The time dependence is well-fitted with the following equation of the thermionic relaxation model 11, [25] [26] [27] as shown in the inset in Fig. 3 (a)
where V SPV (0) is V SPV at t ¼ 0, and s s is a relaxation time in the absence of the SPV (a dark carrier lifetime). The data were well-fitted as displayed in Fig. 3 . The ideality factor was determined to be g ¼ 2.0, which is almost the same as g 0 obtained from the power dependence in Fig. 2(b) . The ideality factors of the Schottky contacts on various metal/ZnO interfaces 28 lie in the range between 1 and 5, and the present g (g 0 ) values are consistent with these results. In the thermionic relaxation model, the electron-hole recombination time depends on the amount of bulk band bending in a depletion layer, and thus, it varies with the delay time. The fitted relaxation time of s s ¼ 13.6 ns corresponds to the value evaluated for the initial band bending state before the optical pumping (the dark condition with a barrier height of V s ¼ 0.45 eV).
In the case of the flat band condition, or absence of the band bending effect, the carrier lifetime s 0 can be expressed as a following equation:
11,25-27
By using the band parameter of V s ¼ 0.45 eV, as depicted in Fig. 1 , one obtains s 0 ¼ 1.7 ps for the present ZnO(0001) sample surface. The surface recombination time of 1.7 ps for the photoexcited carriers at the ZnO(0001) surface is in good agreement with values of the surface carrier decay time ($1 ps) reported in the literatures of time-resolved reflectivity and transmissivity experiments. [5] [6] [7] [8] These agreements indicate that the relaxation of the SPV effect on the ZnO(0001) crystal proceeds with thermal diffusion of the electrons over the surface potential from the internal bulk, followed by e-h recombination at the same recombination centers reported in the literatures. [5] [6] [7] [8] A proper value of the recombination time allows one to evaluate the diffusion length of the photocarriers as l ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi s 0 lkT=e p , where l is a carrier mobility. Taking the value (l ¼ 131 À 205 cm 2 V À1 s À1 ) for a bulk ZnO crystal from the reference, 28 the diffusion length is estimated as l $ 30 nm at room temperature. Previous time-resolved reflectivity research estimated the thickness of the surface layer, which is responsible for e-h recombination, to be 30-100 nm. 6 It was discussed that the density of singly ionized oxygen vacancy traps (which can be the recombination centers) is much higher in such a surface recombination layer than in the interior of the crystal. 6, 8, 17 Therefore, the photocarriers located between the surface and 30 nm from the surface recombination layer play an important role for the ultrafast ($1 ps) recombination process in the flat-band ZnO crystals. On the other hand, it has been known in surface science that the electronic properties of the topmost surface electronic structure are completely different from those in the bulk, 29 and electronic states localized in the topmost surface (surface states) can also become the recombination centers in the bulk band gap. We infer that e-h recombination takes place at the trapping sites at the topmost surface (the surface state) and in the subsurface layer (the impurity states) with the different carrier-capturing cross-sections.
The bulk band-bending effect, dealt in the present work, is inevitable in studying carrier dynamics on semiconductor surfaces. The amount of band bending depends sensitively on the surface and its treatment. 23, 30 The flat-band carrier lifetime, s 0 , allows evaluation of the relaxation time of various depletion layers depending on the surface and its treatment. The carrier lifetime increases exponentially with the amount of band bending at the surface (V s ). The relation can be used to design ZnO-based photocatalysts or photovoltaics elements. [1] [2] [3] [4] In summary, the time-resolved soft X-ray PES experiment was carried out on the ZnO(0001) surface to trace relaxation of the SPV effect. With the simultaneous evaluation of the bulk band bending effect, the flat-band carrier lifetime at the surface was determined to be 1.7 ps, which was the same as those reported by the previous timeresolved optical experiments. The consistency allows one to draw the overall temporal evolution of photoexcited carriers at the ZnO surface that leads to both developments of a new optoelectronically functional materials and improvements of the efficiency.
